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Cross-gain modulation in broad-area vertical-cavity semiconductor
optical amplifier
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We demonstrate that broad-area vertical-cavity semiconductor optical amplifiers allow for
wavelength conversion at 2.5 Gb/s via cross-gain modulafi®M). XGM is reached with a
saturation beam of only 1.5 mW over an optical bandwidth of 0.72h% GH2. Depending on the
wavelengths of the injected fields, inverted or noninverted output can be obtain@00®
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Semiconductor optical amplifie(SOA) display nonlin-  spectra for the two orthogonal polarization orientations were
ear optical response on short time scales which arises fromlisplaced by cavity birefringenc8.
the changes induced by the injected optical field in both the In this letter we explore the performances of broad-area
total carrier density and its distribution over the energyVCSOAs as wavelength converters via XGM. We character-
bands. These ultrafast optical nonlinearities may allow forize the XGM efficiency as a function of the injected power,
efficient all-optical signal processiﬁgactually, all-optical  wavelength and polarization of the two beams. We show that
wavelength conversion of the signal, data-format translatiorKGM occurs for all wavelengths under the VCSOA gain
and add-drop functionalities have been demonstrated by uspectrum. Finally, we estimate the modulation bandwidth of
ing SOAs via cross-gain modulatioiXGM), cross-phase the process.
modulation® or four-wave mixing' SOAs are usually of the Our VCSOA is the one used in Ref. 14, with a circular
traveling-wave type, which maximizes the optical bandwidthoxide window of 54um in diameter, Bragg mirrors consist-
by strongly suppressing the ripples due to facet reflectivitiesing of 17 n-type and 30p-type pairs, and operated in reflec-
In order to suppress the sensitivity to polarization inherent taion mode. The device does not lase under cw operation, but
planar structures, specially when quantum-well active reits cw light-current curve corresponds to that of a light-
gions are used, SOAs require specific designs that make theimitting diode displaying thermal rollover for bias currents

coupling efficiency to optical fibers quite low. around 200 mA. For a bias current of 185 mA, the amplified
Vertical-cavity SOASVCSOAS have recently been rec- spontaneous emissiqiASE) spectrum is peaked around
ognized as an interesting alternative to SGAdowever, =982.80 nm, and the total ASE power+sl.4 mW. By mea-

their single-pass gain is quite small, hence, they are necesuring the ASE power after passing through the collimator,
sarily of the Fabry—Pérot type with high-reflectivity mirrors. we estimate the coupling losses to be around 0.3 dB.
Thus, strongly wavelength-dependent amplification occurs  We then inject two monochromatic beams in the VC-
only around the cavity resonances. The optical bandwidttSOA cavity which overlap in space and both enter into the
can be increased by lowering the reflectivity of the mirrors atyCSOA along the optical axis. The injection beams are pro-
the cost of reducing the maximum gain. By optimizing thisvided by two tunable external cavity lasers, isolated from the
trade-off between gain and bandwidti gain of 11.3 dB  \CSOA by optical diodes. The two injection beams can be
and a corresponding optical bandwidth of 0.6 (#00 GH2  independently controlled in wavelength, power, and polariza-
were demonstrated in the 148n wavelength range for an tion. The wavelengths are measured by a monochromator
input signal power of —20 dBf.For VCSOAs in the (resolution 0.025 ninand a Fabry—Pérot optical spectrum
980 nm wavelength range, a maximum gain of 20 dB and a@nalyzer(120 GHz free spectral range, finess&00).
optical bandwidth of 0.1 nm were measured for an input sig-  The small-signal gain spectrum of our VCSOA was char-
nal of -40 dB m? acterized in Ref. 14. The maximum gain was found to be the
The use of broad-area devices could provide a means tQimost the same for both horizontal and vertical polarizations
solve these limitation&! In fact, the larger the device, the (~16.3 dB thus indicating that dichroism is rather small in
lower the frequency separation between the transverse modggy device. On the other side, the gain spectra for the two
and in broad-area VCSOA@liameter of 50um or more,  polarizations were clearly split due to a relatively large bire-
thg transverse resonances form a.quasif:ontinuum under thgngence(~53 GH2. These characteristics were also found
gain curve. Due fo its transverse dimension, broad area VGp, the polarization-resolved ASE spectra, which are split in

SOAs also provide a higher gain and wider optical band. Ifrequency by the same amount and show a slightly higher
Ref. 14 we have demonstrated that a bottom-emitting, oxideyower (~7%) in the horizontal polarizatiot:™* In both

confined VCSOA with a diameter of 54m that operates at cases, the full width at half maximudFWHM) of the gain

wavelengths around 980 nm can reach a gain of 16.3 dBpecira was~0.7 nm, and the saturation input power was
with 0.7 nm optical bandwidth for an optical input power of _1 4 mw for a beam of diameter40 um.

0.1 mWw, the input saturation power being 1.4 mW. The |, order to characterize XGM in our VCSOA, we first

maximum gain was polarization independent, but the gainy,qy the efficiency dependence on the injected pump power,
for different probe and pump wavelengths, and \,,. The
¥Electronic mail: fmarino@imedea.uib.es pump beam (diameter ~40 um, maximum power of
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FIG. 1. (a) XGM efficiency as a function of the pump power for different E:gb: \I;ap\)/z:n(;tr?ris 3983”4?5 r?m :ndoits gosyerf'qin; |0 cl)prﬁ\r}vsym Ofs The
pump(Ap) and probe\y wavelengthsa,=982.74 nm and=982.80(0), ’ ’ '
982.60(¢), 982.50 nm(A); A;=982.90 nm anch¢=983.00 nm(X). The

probe power is 0.1 mW, and the peak of the unsaturated gain spectrulgositive efficiency is observed. However, by further increas-

oceurs at 982.80 nm for a pump power of 1.5 mw. ing the pump power, the redshift becomes dominant and the
efficiency becomes negative. Then, depending on the system

1.5 mW) is modulated at 1 kHz by an optical chopper. We parameters we have a wavelength converter showing both

define the XGM efficiency as negative and positive logisee Fig. 1b)].
In a second set of measurements, we characterize the
B P°EP0be polarization dependence of the efficiency of XGM. We
n=1- poff @) choose the probe wavelength to correspond to the maximum
probe optical gain for its polarization—which in this situation cor-
where P‘;?é‘t’g) is the output power at the wavelength of the responds tor,=980.45 nm—and we ploty for different

probe when the pump beam is @if). » thus measures the wavelengths of the pump beafsee Fig. 2 when its polar-
relative reduction in the power of the amplified probe beamization is parallel/orthogonabolid/open symbolsto that of
due to the presence of the pump beam. Note, however, thgte probe beam. In the case of parallel polarizations, we can
our results effectively correspond to a mixture of XGM andobserve that the XGM efficiency is maximum when the
phase modulation, because the VCSOA is operated in reflegvavelength of the pump beam is very close to that of the
tion mode. The beam reflected from the VCSOA is a superprobe beam, reaching rather high valiep to 90% even
position of the injected beam and the intracavity field afterwith our moderate power of the pump beam. As the wave-
being reflected and transmitted through the Bragg mirroriength detuning between the pump and probe beams in-
respectively. The pump beam modifies the carrier density irreases, the XGM efficiency decreases and it drops to half its
the active region, thus both the gain and refractive index ofnaximum value for detuning values of the order of 0.25 nm,
the cavity, hence, the observed modulation is the result ofhus the FWHM of the XGM efficiency is~0.5 nm, i.e.,
both XGM and phase modulation effects. For the sake obver 150 GHz. Similar results are obtained when the polar-
simplicity, we shall nevertheless refer to the observed pheizations of the pump and probe beams are orthog¢see
nomenon as XGM. Fig. 2), although it must be noted that in this case maximum
The results for parallel polarizations of the pump andXGM efficiency is not obtained for a zero detuning of the
probe beams are shown in Fig. 1. In order to ensure googvo beams, but when the wavelength of the pump beam cor-
spatial overlap of the two beams, the diameter of the probeesponds to that of maximum gain for its polarization. This
beam is reduced to-10 um. In a first case, we fix\, effect is due to the birefringence of the VCSOA calfity
slightly to the blue of the unsaturated gain peak—which inwhich induces a splitting in the resonance frequency of fields
this case occurs at=982.80 nm—and we scaks on the polarized along the two proper polarization axes. Then, when
blue side of the gain spectrum. In these conditiGeee Fig. the wavelength of the pump beam corresponds to that of its
1), » is positive and proportional to the injected pump gain peak, it saturates most efficiently the carrier density in
power; moreover, it increases as the detuning between the active region. Interestingly, one can take advantage of
pump and probe beams lowers. The dependence of th@is effect to enlarge the optical bandwidth for XGM, which
modulation efficiency on the wavelength of the probe beamn this cases attains 0.7 nm, i.e., over 215 GHz.
arises from operation of the VCSOA in reflection mode. In order to estimate the modulation bandwidth for XGM
An interesting effect occurs when the pump and thein our device, we substitute the chopper by an electro-optic
probe are detuned slightly to the red of the unsaturated gaimodulator(EOM) with a rise time of 500 ps to modulate the
peak. In this case, two phenomena are competing; on ongump beam. Due to the insertion loss of the EOM, we
side, the aforementioned gain saturation tends to generate @hange the pump laser by a high-power fiber-coupled laser
inverted output 7> 0). On the other side, the redshift of the with an in-fiber DBR grating ah,=980.68 nm. We set the
gain due to the high injected pump power tends to generate signal wavelength to 981.0 nm, the closest possible with our
noninverted output»<0) because the amplification of the tunable laser ta.,, select its polarization to be orthogonal to
probe increases. In this case we can @$eg. 1) that for low  that of the pump beam, and adjust the VCSOA current to

pump powers, the gain saturation dominates, and a small50 mA in order to have the signal at the peak of the unsat-
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(215 GH32 in the case of orthogonal polarizations of the

- (Q
1.0 ; (@) pump and probe beams. For parallel beams, the optical band-
0.8F width is reduced to 0.5 nm. Depending on the injected wave-
5 06 : lengths we can obtain inverted or noninverted output due to
& : the interplay between gain saturation and redshift of the gain
0.4F curve. Therefore, the “broad-area concept” can be combined
ook with the optimization of mirrors reflectivities in order to im-
0.03 prove the performances of VCSOAs.
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